pose a threat to, e.g., cave formations [7] , animals [10] [11] , or even historical treasures [12] . It is now often acknowledged that there is a greater need for a universal monitoring system for underground sites, in particular those that are frequently visited by tourists: this system seems to be the only one capable of detecting negative changes occurring in underground ecosystems [13] . It can be strongly argued that aeromycology could become instrumental in such monitoring, as it can effi ciently deliver results that demonstrate how the fungal makeup in cave air is affected by the presence of tourists. If it were likely to trigger unwelcome changes, the number of visitors could temporarily be limited or the cave closed so that the make-up of the ecosystem could either fully or at least partially be restored [14] .
The aim of the study was to document how seasons of the year and tourist traffi c trigger changes in the array of fungi in selected adits in Lower Silesia.
Materials and Methods
The samples were collected four times during the year, in spring, summer, autumn, and winter of 2015-16 in four disused mines: Ciechanowice, Rozdroże Izerskie, Kletno -Sztolnia Wiejąca, and Kletno -Sztolnia Turystyczna in Lower Silesia (southwestern Poland) (Fig. 1 ).
Study Area
Lower Silesia, the Sudetes in particular, is geologically an exceedingly complex area. Traditionally it is referred to as a mosaic: a mixture of contiguous geological formations of diverse lithology, age, and evolution [15] . It is rich in mineral resources, which have been exploited since the Middle Ages. As a result, its mountains are dotted with hundreds of old subterranean mine workings that have created interesting ecosystems developing highly fertile mineralogical and chemical substrates and varying in both hydrological conditions and composition of air [16] .
The sites described below are mines dating back to the 20th and, most likely, 19th centuries, which remained after intensive extraction of a range of ores. One of the adits is now open to the public as an underground tourist route, the others are the subject of scientifi c investigation, and they are often visited by potholing enthusiasts.
The Ciechanowice adit, near Jelenia Góra, is part of the unique remains of a mine-producing crystalline limestone used in lime production. It is situated on a steep, 40-degree slope, approximately 50 m above the River Bóbr. The adit is 90 m long, 1.5-1.8 m wide and, on average, 1.8 m high. At the end, there is a cavernous fi ve-m-high chamber, measuring 5x30 m.
The adit was driven through greenstones and greenstone schists, which are part of the Kaczawa Metamorphic Belt. These are metamorphic silicate rocks made up of mainly feldspars and chlorites. The walls of the exploitation chamber are covered predominantly with fair crystalline limestone: a rock composed of calcite or, strictly speaking, calcium carbonate. There are a number of sizeable tectonic faults visible in the adit.
The site is generally dry except at the very end, where there is a permanent seepage of water. Several calcite speleothems can be seen on the walls. There is only one entry point so air currents are practically undetectable [17] .
The Rozdroże Izerskie adit started operating in 1960-61 following the location of a quartz vein. It is situated on the slope of Mount Izerskie Garby, where this, as well as other rocks, was intensively quarried from the Stanisław Quartz Mine until 2001. The mine consists of a 200-m-long main adit and seven 10-40-m-long side drifts. The adit is quite sizeable at three m wide and 2.5 m high, which is typical for a 20 th century mine. The adit is located in the Izera Massif [15] and most of it cuts through a quartz vein containing around 98.8% of SiO 2 and through high-concentration silicon dioxide (silica) feldspar-quartz rock. Occasionally other components cane be identifi ed, namely schists and alkaline vein igneous rocks and lamprophyres.
A number of drippings and minor seepage are noticeable in the roof and sidewalls. This has caused the fl ooding of more than 200 m of the workings, with water rising up to approximately one meter, and a continuous seepage of water at the rate of one litre per second from the entrance of the adit. Airfl ow is severely hindered because of only one entrance and an intricate network of galleries.
Kletno, in Lower Silesia, has a long and rich history of mining. Iron, silver, copper, and fl uorite ores were extensively extracted from as early as the 14th century. The scale of the work was increased after World War II, when extraction of uranium ore was in progress in 1948-53, and of fl uorite until 1958. Centuries of mining have left 20 adits at 10 levels and three shafts, whose total length is over 37 km. Some of them have been made accessible for scientifi c research [18] .
The historic mine in Kletno revealed a very interesting geological feature: a highly mineralised fault zone in the metamorphic Orlica-Śnieżnik Massif [15] . The zone, traditionally referred to as the Kletno Thrust Sheet, separates gneiss formations from schists, including graphite, marbles, and skarns, as well as several pockets of quartz and fl uorite. It is also unique in terms of mineralogical composition, owing to immense diversity of polymetallic mineralisation. Accordingly, the mineral substrate in the adits is tremendously diversifi ed: it is composed of silicate rocks, including pockets of pure quartz as well as carbonate rocks; a subsequent second mineralisation produced mainly magnetite and also other oxides, selenides, and sulfi des: altogether around 60 minerals [19] .
Situated in the higher part of a side valley in Kletno, adit number 18, Sztolnia Turystyczna, has been open to the general public as "the historic uranium mine in Kletno." The aggregate length of the workings is a mere 300 m, but their layout is exceedingly complex. There are two entrances, a drift mouth and a shaft mouth, which ensure suffi cient ventilation of the workings, most of which are two meters wide and 2.5 m high. The adit has been driven mainly through a large pocket of quartz with formations of, among others, fl uorite and magnetite lodes. Some galleries run through marble, where karst features are easily noticeable in places, and through gneiss and graphite schist. The rock mass is fractured and crushed as a result of periodic intense tectonic activity. In places, fairly strong seepage of water from the roof occurs.
The mouth of adit number 12, Sztolnia Wiejąca, is situated in the lower part of the valley. The total length of the accessible workings exceeds 300 m: 180 m for the main gallery, the rest for side drifts. Their state of repair and their size vary signifi cantly: the well-preserved sections are 1.5-2 m wide and approximately 2.5 m high, and where there were incidents of cave-in or roof fall the width increases to 3.6 m while the height is reduced to hardly one meter. There is massive air fl ow resulting from natural ventilation in the main working, increasing during warm spells; this process occurs in the contact zone of gneiss, schist, and erlan-rock.
Fungal Identifi cation and Mycological
Evaluation of the Air
The air sampler (Air Ideal 3P) was programmed for air sample volumes of 50, 100, and 150 l. The air samples were collected from one location outside the adit (near the entrance) and three locations inside (mine entrance, twilight zone, and dark zone).
Measurement in every study site was performed in six replicates for each volume. The sampler was positioned 1.5 m above the level of the fl oor. The incubation of the cultures was carried out at 15ºC and room temperature (22ºC) for 4-14 days in darkness. Potato dextrose agar (PDA, Biocorp) medium was used for the isolation of fungi from the air and for the identifi cation of some species, while Czapek-Dox agar (1.2% agar, Biocorp) and malt extract agar (MEA, Biocorp) were used for identifying Penicillii and Aspergillii. After incubation, the fungal colonies grown on each one of the Petri dishes of 90 mm in diameter were counted and identifi ed.
Precise identifi cation of the sampled fungi was enabled by macro-and microscopic observations; the focus was turned to hyphae, conidia, and sporangia of the colonies that had grown on culture media. The fi lamentous fungi were identifi ed by adopting diagnostic keys and descriptions by Pitt and Hocking [20] and Watanabe [21] .
The extent of ecological diversifi cation was analyzed by computing such ecological indicators as Margalef's, Simpson's, Shanon-Wiener, and Pielou indices [22] [23] . The obtained means were analyzed by ANOVA using Statistica 12.0 package, and they were compared using Tukey HSD (honest signifi cant differences) test at α≤0.05.
Results and Discussion
The results revealed that the number of airborne fungal spores varied enormously depending on the season, and confi rmed conclusively that there is a strong link between species diversity and the time of measurements as well as the features of the site under study. More detailed data are provided in Tables 1-4 and they are interpreted in four sections, each relating to one of the four earmarked sites.
Ciechanowice
The adits near Ciechanowice yielded the highest aggregate number of colony-forming units, but the highest levels of CFUs inside the adit were measured in the winter. The fi gures for the various isolated species did not differ signifi cantly over a span of half a year; species composition, however, showed considerable variations.
The fungal species that would frequently appear regardless of the season of the year was Cladosporium cladosporioides, with its highest levels of CFUs in the spring: 2,800 CFUs, i.e., nearly 60% of all the recorded colonies. While the species occurred at the mouth of the adit, the interior of the whole place showed no signs of it. On the other hand, the fungus occurred in both the dark and well-lit sections during the other seasons. The growing presence of the fungus in warmer seasons, namely spring and summer, coincidencided with the periodic presence of its spores in the air [24] .
The other fungus peaking in one of the seasons only was Penicillium meleagrinum: 1,833 CFUs were counted in the unlit section of the adit in the winter. Considering the fact that there is an amount of dead organic matter (namely rotten wood), this fi gure seems to correlate with the number of its spores in other underground sites [25] .
All the data were also analyzed in order to assess ecological diversity. Shannon-Wiener index normally rises in response to an increase in species diversity as well as in species evenness. In most research studies concerning ecology, the index fl uctuates between 1.5 and 3.5, and rarely does it exceed 4. As it is prone to subjective interpretation, the index should be weighted to allow for the variations in the environment under study. Considering the calculated Shannon-Wiener, Pielou, Simpson, and Margalef indices, it can be convincingly argued that the diversity at the investigated site was much more pronounced between the spring and the winter. Furthermore, following the Pielou index, the average distribution of species was at its most uniform in the summer, ranging between 0.812 and 0.873. This is indicative of the least noticeable dominance of any species in summer, regardless of where the sample was collected: at the entrance to the adit and in either well-lit or completely dark sections thereof.
Rozdroże Izerskie
In the case of Rozdroże Izerskie, the highest CFU count inside the adit was observed in the autumn. The diversity of the species was disproportionately lower than in the autumn, whereas the species makeup depended heavily on the season of the year.
A noteworthy feature of the adit, especially between the summer and the winter, was the pervasive presence of the fungus of the genus Penicillium: as many as 932 colony-forming units were isolated out of the aggregate 2,372 CFUs, which constitutes approximately 39.5% of the total collected in that season.
In the autumn, on the other hand, in the unlit section of the adit, a staggering 3,440 FCUs of Beauveria bassiana were isolated. An impressive number of dead moths and other insets were noticed on the walls, with a growth of hyphae of entomopathogenic fungi on them, which produced a multitude of spores. The spores were observed in the water, too, where in some places dead insects fl oated fl ecked with hyphae growth. The insects most likely found their way into the adit to provide for the coming winter, which seems to account for the presence of the spores produced by the fungus. The biological diversity was at its lowest in the spring, at its highest in the summer, and medium between the autumn and the winter. It should be noted that the Shannon-Wiener index was very low in the 
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Trichotecium roseum the water level, which changes every season. It seems reasonable to assume that the vernal and summery surge of water brings organic matter, which boosts fungi growth and fosters their biological diversity.
Kletno: Sztolnia Wiejąca and Sztolnia Turystyczna
The adits have been matched against each other because they are within a fairly short distance of each other, but the two house surprisingly disparate collections of fungal species, which seems incontrovertibly connected with tourist traffi c. Only 24 fungal species were identifi ed in the adit that is not a tourist attraction and 35 in the tourist adit. The highest number of CFUs were isolated in the winter: 8,545 in Sztolnia Wiejąca and 5,489 in Sztolnia Turystyczna.
In both adits, dead insects fl ecked with entomopathogenic fungi hyphae growth were widely found. In the air, however, the spores of many other species were identifi ed. The air in Sztolnia Wiejąca, especially in winter, was infested with Beauveria bassiana spores, which constituted around 87% of all identifi ed spores. The Beauveria bassiana spores were also in profusion in the autumn, accounting for approximately 27% of all spores in the air under study. The Beauveria bassiana fungus was also isolated in Sztolnia Turystyczna, but nonetheless in considerably lower numbers. In the summer, 1,239 CFUs of another entomopathogenic fungus, Isaria farinosa were identifi ed in the adit.
Sztolnia Turystyczna provided suitable habitat for Acremonium strictum: a fungus that was within a range of around 4.5% in the spring to a handsome 55.5% of the total count of spores in the summer. The fungus is a saprotroph commonly occurring in soil, in decaying plants, and mushrooms. Interestingly, in rare instances the fungus can turn pathogenic to humans [27] .
An obvious correlation between tourist traffi c and the multifarious life forms and their balanced occurrence at the site are clearly revealed through analysis of the biodiversity indices. Sztolnia Turystyczna is fundamentally distinct in species evenness, particularly from summer to winter. Generally higher Margalef and Simpson indices, too, point irrefutably to the much richer variety of the isolated fungi at the site widely accessible to the public, which is corroborated by similar independent studies [28-29].
General Discussion
It seems advisable to consider the very count of airborne spores in one cubic meter. Porca et al., in "Aerobiology: An ecological indicator for early detection and control of fungal outbreaks in caves" (2011), offered a broad classifi cation of caves into fi ve categories (depending on CFU/m 3 ) in order to establish whether the presence of airborne fungi exerts a negative impact on the environment of the site under study and whether it would be recommendable to impose some restrictions on tourist traffi c and to monitor air fl ow as well as to possibly keep it under control by means of airlocks or gates [8] .
Following this classifi cation, each site discussed in our paper -except Rozdroże Izerskie between spring and summer, and Sztolnia Wiejąca in summer -would fall into category No. 5, and as such would become eligible to be granted a "red alert" status: an irreversible disruption to ecological balance. Our research demonstrated that the CFU/m 3 fi gures for fungal spores exceeded substantially those disclosed by Porca et al. Taking into account Porca's classifi cation, it is nevertheless therefore desirable to contemplate such factors as the environmental diversity of the investigated sites and the enormously contributing elements, e.g., the presence of organic matter or accessibility to animals (which can be seasonal visitors) [30] .
Threshold values proposed for Porca's classifi cation become profoundly important in the case of underground sites where the fungal presence may materially affect, for instance, hardly noticeable but historically signifi cant features such as cave paintings [31] [32] . The classifi cation should then incorporate additional elements such as historical relics or artefacts/man-made structures that might be susceptible to the presence and effect of microorganisms, including fungi. It is noteworthy that three out of four sites under study are not offi cially listed as tourist spots and access to them as such is by no means regulated.
Conclusions
Underground sites provide habitat for unique fl ora and fauna. The seasonal occurrence of some organisms, such as insects and mammals (e.g., bats [11] ), have a far-reaching effect on the annual species variation in microfl ora. The collection and composition of airborne fungi varies depending on the site under study: there was a more profound difference between the adits inaccessible to tourists and the tourist adit at Sztolnia Turystyczna. The presence of tourists has a massive impact on fungi in terms of species composition as well as the number of the specimens and spores in these places, which was demonstrated by the verifi ed biodiversity indices. This may have a tremendous infl uence on the stability and maintenance of places in terms of historical continuity [12, 33] . The study calls for continuation while the methods employed in sample collection and analysis need to be enhanced.
